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Introduction 
This Final Report covers research performed during the past eight 
months on theoretical aspects of an infrared temperature sounding ex- 
periment. The primary goal of this research has been to develop and 
improve methods of analysis which will be of direct use  in the reduction 
of infrared spectral radiance measured with instrumentation being developed 
at the Je t  Propulsion Laboratory. 
formed under this contract in some cases places restrictions on the instru- 
mentat ion. 
hdeed,  the theoretical analyses per- 
Emphasis has been placed on the calculations of water vapor trans- 
mittance in the 6. 3p region and on the inclusion of absorption due to CO, 
N2, NzO and H20 on the C 0 2  absorption in the 4 . 3 ~  region. 
amount of effort was placed on detailing the "Radiance" computer program 
and on the problem of the uniqueness of so.j.ution of the radiative transfer 
equation applied to a simple 2-layer mode.?.. 
A considerable 
-1- 
Conv e r s ion of Compute r Pro  grams 
During the f i rs t  month of this contract a great deal of time was  spent 
converting two major computer programs to an appro-piate language for 
use on the IBM 360/75 system. 
spectral radiance in the region of the 4. 3y C02 band and the other pro- 
gram inverts the equation of radiative transfer and thereby determines 
the vertical temperature distribution by operating on the measured spectral 
distribution of radiance. 
system and produce similar results to those obtained on the IBM 7094 at 
J. P. L. 
accurate due to the use of double precision for all operations. 
One computer program computes the 
These computer programs now work on the 360/75 
The programs run faster on the 360/75 system and should be more 
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Variable Pressure  Levels 
It w a s  apparent in some experiments with the "inversion" program 
This problem was investigated that convergence did not always occur. 
along with the feasibility of allowing the pressure levels at which the 
temperature is sought to be variable, 
the pressure to vary such that approximatel. alf of the a rea  under the 
weighting function curve (BdT/dlnp) l ies on either side of the pressure 
level in question at each iteration. 
that the pressure levels must be held fixed in order to avoid convergence 
difficulties. This system works quite well as far as convergence is con- 
cerned, but the major problem now is to discover whether a satisfactory 
result can be obtained when dealing with real  data. This variable pressure 
level technique has been made an integral part  of the "inversion" program. 
A system was  found which allows 
After several iterations it was found 
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Inversion "Games" 
In order to objectively test  the developed method for the inversion of 
the radiative transfer equation, it was agreed that some inversion "games" 
would be played, Dr. C. B. Farmer  would pick a temperative profile and 
compute the spectral distribution of radiance with the "Radiance" computer 
program at J. P. L. These results would be mailed to me and I would use 
the "Inversion" program and whatever other judgment seemed reasonable 
to determine the temperature profile and the surface temperature. A com- 
parison of the initial and inferred temperatures would constitute an objective 
test of the mathematical inversion procedure. It should be noted that this 
test  does not consider either experimental or theoretical errors .  - 
In comparing the inferred and initial temperature profiles i t  was 
decided that it is most meaningful to compare the mean temperature in the 
atmospheric layer in question. In general the derived profile is obtained 
with much less  height resolution than the known temperature profile. The 
known temperature profile should be averaged according to Eq. 1 fo r  pur- 
poses of comparison, 
T.6 is the simple mean temperature in the atmospheric layer bounded by V 
pi and pj . If ( p i  - p.)/p. is small  (say L 0,2), Eq. 1. can be replaced J J  
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by Eq. 2. Equation 2 i s  also used in the highest atmospheric layer as 
Pj+ 0 
A plot of the results of the first "Inversion" game is given in Fig. 1. 
The curve represents the original temperature profile used by Dr. Farmer  
in the initial computation of the spectral distribution of radiance. 
vertical lines refer to the derived temperatures, the lengths of the lines 
corresponding to the atmospheric layers for which the indicated tempera- 
ture values apply. 
such tests should be made before drawing any real  conclusions from this 
one example. 
The 
The results of this test  are encouraging, but many more 
A second tttest ' l  of the inversion scheme was made with Dr. Farmer  
providing a spectral distribution of radiance to which I applied the inver- 
sion scheme, 
agreement, but not quite a s  good a s  the first  "test". 
marked "non-isothermal" and tlisothermalt' refer to the initial approxima- 
tion used in the inversion scheme. 
converge quite as well a s  the !'isotherrnallt case. 
The results a r e  shown in Fig. 2 and can be seen to give good 
The vertical lines 
The ttnon-isothermal" case did not 
In both of these Iltests" the effect of allowing the pressure levels to 
vary can be seen, 
highest level sounded there is better height resolution than there is near 
In both the lowest part  of the atmosphere and in the 
the tropopause. 
arising from near the tropopause as is  evident f rom an examination of 
the weighting functions (B d c  /d In p). 
This is a reflection of the small amount of information 
- 6- 
Atmospheric Absorption Due to H 2 0  
A great deal of effort w a s  placed on computing transmittance due to 
1 HzO. The water vapor spectral data published by Gates, et a1 and 
Benedict and Galfee was purchased (punched on IBM cards). These data 
cover the 1.9,  2 .7 ,  and 6 . 3 ~  bands of H2O. It was origin,rilly intended to 
concentrate on the 1.9 and 2 . 7 ~  bands, kut due to the removal of the near 
infrared measurements from the experiment, the major concentration was 
on the 6 . 3 ~  band, It should be noted that the computer program which was 
developed is applicable to all three bands with appropriate changes in 
input data. 
and a description of the calculations follows: 
2 
A listing of the computer program is included in the Appendix 
After reading all spectral lines in a given spectral interval and speci- 
fying the spectral resolution for which the calculations a r e  to be made we 
read a table which describes a model atmsophere in terms of pressure,  
temperature, and water vapor abundance. 
model atmosphere defined by a t  most 20 atmospheric levels. 
calculation is described by Eq. 3. 
The program can accept a 
The basic 
where AV’ is 
ith s pe c t r a1 
the spectral resolution and Wi is  the equivalent width of the 
line in the interval A \ / .  The Wi a r e  given by Eq, 4. 
- 7- 
Si" 
where L(Ui) is the Ladenberg and Reiche function, U i  = -. , Si and 
di a r e  line intensity and the half width respectively of the ith spectral 
2 ~ Q z i  
line, m is the quantity of absorbing gas in the atmospheric path under 
consideration. 
The program computes the transmittance from the top of the atmo- 
sphere to all pressure levels specified in the atmospheric model. 
tegration through the inhomogeneous atmosphere is accomplished by a 
The in- 
Curtis-Godson approximation as described by McClatchey 3 . 
In additior + ? t h e  transmittance, the quantities B( , T),  d'7J'/dlnp, 
B( 5 , T) [d /dlnp] a r e  all computed for each atmospheric layer. 
Some results of the application of this computer program to some 
realistic model atmospheres follow: Table 1 presents the three model 
atmospheres studied, Arctic, midlatitude and tropical models were based 
on data and graphs presented in the "Handbook of Geophysics and Space 
Environments, !I4 It is hoped that these models wi l l  cover the range of 
conditions usually encountered in the terrestr ia l  atmosphere. Figure. -' 5 
display the quantity d 
B(d T /dlnp) ,  
plotted the results for the spectral intervals most nearly corresponding to the 
/ d l n p  for the three models. Figures 6-8 present 
I have These calculations e r e  made fo r  20 cm'l intervals, 
wavelengths given in the new experiment proposal and enclosed with the 
letter from John Shaw dated 8ct.  14, 1967. A glance at  these figures 
- 8 -  
indicates that the interval centered at  1890 cm"' should be at a. lower 
frequency. According to calculations made with this program, the following 
spectral locations will produce the best infoi*mation for the dp.termimtion 
of the vertical water vapor distribution: 1640- 1660 cm", 1780- 1800 cm- l ,  
1840-1860 cm-', 1880-1300 cm-', 1960-1980 cm-l ,  2020-2040 cm-l.  
Figure 9 presonts a calculated spectrum of the entire atmosphere 
covering a portion of the region in which the temperature sounding data is 
to be obtained. We curreiitly expect to u s e  radiance values from 2220-2360 
cm'l in the temperature sounding analysis. 
introduce e r ro r s  near the ground if we do not appropriately account fo r  
atmospheric water vapor. 
Figure 9 suggests that we may 
The computer program developed to compute water vapor transmission 
5 was tested for  agreement withthe laboratory data of Burch, et a1 with the 
results shown in Figures 10 and 11. 
the program to four  cases iCentica1 to those run by Burch, et al, 
laboratory results of Burch et a1 a r e  given in Figure 11. 
absorbing cases a r e  in good agreement, but the two weaker absorbing cases 
appear to be Lmsiderably in e r ror ,  Additional tests must be macle in order 
to establish the accuracy of the computer program for all ranges of absorp- 
tion of interest in the atmosphere. 
Figure 10 shows the results of applying 
The 
The two stronger 
-9-  
Table 1 
Pressure  (mb) 
6.9 
8.0 
11.3 
15.9 
22.5 
31.7 
44. 6 
62. 6 
88. 0 
122.0 
169.0 
234.0 
321.. 0 
436.0 
584.0 
772.0 
1014.0 
10.1 
11.7 
15.9 
21.5 
29. 3 
40.0 
54.7 
75.0 
103.0 
141.0 
193.0 
264.0 
356.0 
472.0 
616.0 
795.0 
1013.0 
Tempe. ;Pture (OK) W a t e r  Vapor (Pr. cm. above p) 
Arctic Model 
197.2 
197.2 
197.2 
197.2 
197.8 
199.0 
200.2 
201.4 
204.0 
206.9 
209.9 
212.9 
217.9 
228.9 
240.0 
250.9 
249.2 
Midlatitude Model 
227.0 
227.0 
225.0 
223.0 
221.0 
219.0 
217.0 
217.0 
217.0 
217.0 
217.0 
223.0 
236.0 
249.0 
262.0 
275.0 
88.0 
0.0 
0.0001 
0.0002 
0.0004 
0.0005 
0.0006 
0.0007 
0.0008 
0.0009 
0.0010 
0.0011 
0.0017 
0.0030 
0.0070 
0.0222 
0.0762 
0.1698 
0.0 
0.0002 
0.0007 
0.001 1 
0.0015 
0.0019 
0.0023 
0.0026 
0.0029 
0.0033 
0.0041 
0.0063 
0.0213 
0.0923 
0.2980 
0.8186 
1.9410 
-10- 
Pressure (mb) 
10.1 
11.7 
15.9 
20.0 
40. 0 
60.0 
80.0 
100.0 
150.0 
200.0 
265.0 
357.0 
472.0 
617.0 
747.0 
795.0 
1013.0 
Temperature ( OK) 
Tropical Model 
234.5 
232.3 
227.9 
219.2 
214.6 
206.7 
198.8 
197.0 
21u. 3 
223.6 
236.7 
250. I 
263.5 
276.9 
287.0 
287.7 
300.0 
Water Vapor (Pr. cm. above p) 
0.0 
0.0002 
0.0007 
0.0011 
0.0013 
0.0014 
0.0015 
0.0016 
0.0018 
0.0025 
0.0080 
0.0334 
0.1370 
0.4480 
0.9470 
1.3500 
4.2100 
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Absorption Due to N20, CO, N2, H20. Near 4 . 3 ~  
After the February 1967 balloon flight, a careful re-evaluation of the 
theoretical calculations was made. 
N2, COY and H20 absorption should be included in the 4 . 3 ~  GO2 region. 
the time of the February 1967 balloon flight only GO2 and N 2 0  were considered 
in the spectral region used for temperature sounding. 
were added and the lowest frequency for which calculations were made was 
reduced fxom 2180 cm'l to 2150 crn'l. It was hoped that some lower frequen- 
cies would be useful in determining atmospheric temperature near the surface 
in greater detail. 
6 method outlined by Gray and McClatchey . 
was obtained from Figure 12, provided by Dr. C. B. Farmer.  
It was  concluded that the effects of NzO, 
At 
These other molecules 
The CO transmittance was  computed according to the 
The N2 absorption coefficient 
The molecular 
abundances used in the calculations a r e  as follows: 
=02 STP 256 (cm-atm) 
NzO - 0.22 (cm-atm) 
STP 
co 0.06 (cm-atm) 
STP 
- 0.781 fraction by volume. z N 
All of these molecules were assumed to be uniformly mixed in the 
atmosphere. 
different manner, because the actual or  assumed distribution must be 
introduced with each calculation. 
The introduction of water vapor had to be handled in a rcuch 
Figure 13 gives the weighting functions 
-12- 
computed with the improved r-omputer program for  the indicated frequencies. 
The water vapor distribution used in connection with these calculations is the 
'. 
one entitled "Midlatitude Model" in Table 1. There is very little difference 
between fhese functions and previously computed ones except a t  the lowest 
freqnencies. The curves for  9 4 2 2 7 5  a r e  shifted upward to some extent. 
These new calcdations indicate that only a very slight correction to 
previous radiance calculations for  dd2240 will be necessary. Thus, the 
neglect of these rriol.xules is not responsible for the discrepancy in the 
February 1967 balloon flight res'ults. 
-
For  lovrer frequencies, a significau; 
correction is required and the greatest effect results from the addition of 
water vapor. F igu res  14 and 15 show the results of the transmission before 
and after the inclusion of additional absorbing molecules. 
-13- 
Discussion of Calculations Made in the Radiance Program 
A complete discussion of the calculations performed in both the Radiance 
and Inversion computer programs was  intended a s  part  of the work to be com- 
pleted under this contract. This job has not yet been accomplished f o r  the 
Inversion program, but it has been done for the Radiance program and the 
discussion follows (A listing of the Radiance program is included in the 
Appenciix): 
The atmosphere is divided into a certain number of layers for the purpose 
of numerical computations. 
vapor associated with the boundary of each layer (i. e. each level) a r e  re-  
quired input data. Water vapor is read in a s  the amount above a specified 
pressure level in units of precipitable centimeters. 
The pressure,  temperature and amount of water 
The large loop (statement No. 1540 to 2490) refers to transition number. 
Each 5 crn" interval has a se t  of vibrational transitions associated with it. 
The number of transitions runs from 1 to  25 depending on the spectral interval. 
Statements No. 1670 to 1750 compute the fictitious quantum number associated 
with the specified frequency. 
fractional. 
below for the quantum number m. 
I say fictitious because it wil l  in general be 
We a r e  solving a fourth order algebraic equlition here a s  given 
L) = 3, t Am t Bm2 t Cm3 t Dm4 (5) 
Statements No. 1790 to 1910 determine the matrix element of the dipole 
moment appropriate to the specified transition. 
- 14- 
Statements No. 2080 to 2470 specify the loop in which the. transmission 
for  each vibrational transition and from each pressure level to space is com- 
puted. Statements No, 2 190-221 0 define the line intensity, Statements No. 
2350-2380 compute according to  Eqs. 6 .  
kk 
J 2 I T  
where 
Si is the intensity at the central frequency of the interval under con- 
sideration of the ith vibrational transition, 
doi is its half-width at STP, 
To is 298"K, 
P. and T. a r e  pressure and temperature a t  the ith atmospheric levels 
1 1 
r e s p e c t iv el y . 
In this way an equivalent homogeneous atmosphere is defined which is 
used in the subroutine TISR in order t D  establish the transmission. The sub- 
routine TISR computes the transmission due to one vibrational transition 
according to Eq. 7. 
Io(u) exp ( -  U coshp  ) du i,' = 1 - sinhp i (7) 
-15- 
Sm 
and 3 = - and Io(u)  is the Bessel d sinh (3 where (" = - d 
function of imaginary argument and order zero. 
lined in Reference 6. 
Further details a r e  out- 
After computation of the transmission due to each vibrational transition, 
the resulting transmission is computed according to Eq. 8. 
.- 2 =  / /  Ti 
i 
This operation is performed in statement No. 2650. 
The WATER subroutine computes the transmission due to water vapor 
according to the statistical r;lodel using the actual line parameters for each 
spectral interval from the work of Benedict and Calfee . 2 
The nitrogen absorption coefficient is a slowly varying function of 
frequency. Therefors, one absorption coefficient is read in for each 5 cm'l 
interval and the transmission is computed according to Eq. 9. 
N2 = exp (- c k p b H d p ) .  
where c = N2 concentration 
H = scaie height 
The final transmission is then given by Eq. 10. 
( 9 )  
where the i transitions include CO2, N20, and CO. 
cations occur in statements No. 2750 and 2760. 
The final two multipli- 
-16- 
Having computed the transmission from each specified pressure level 
to the lowest input pressure level, we a r e  now in a position to compute the 
radiance. Equation 11 is evaluated between statement No. 2940 and 3600. 
In the same part  of the program, the quantity d / dlnp and (d T/dlnp)B are 
also computed and later printed out as additional information. If the atmo- 
sphere between two pressure levels is isothermal o r  if AT is very small (in 
all  cases recently tested AT<O. 2 is very small), the Planck function is 
evaluated at  the mean temperature of the included layer and no further division 
of the scale is made in the course of the numerical integration. (See state- 
ments No. 3030-3080) Under all other circumstances, the temperature is 
assumed to vary logarithrnicaliy with pressure,  the A T  interval is divided 
into 5 parts, and a logarithmic temperature interpolation is made. The re- 
sulting additional intervals a r e  then used in the numerical integration. 
statement No 3090-3290). 
(See 
Statement No. 3311 to 3319 a r e  required in order to  normalize d f/cllnp 
and (d c/dlnp)B. 
Between statements No. 3400-3500, weights (TW(K)) a r e  defined in such 
a way that WkBk gives the Itbesttt approximation to  the intensity. The k 
trapezoidal rule in general gave an underestimate to the intensity. Simpsons 
rule requires a mid-point temperature and transmission to be defined, but 
-17- 
this is unacceptable in the inversion rnutine. 
r u l p  to the trapezoidal rule result is used for each layer. In this way, the 
resulting weights become exact if the BV5 erelationship is nonlinear. The 
main point of all this is that we must be able to express I 3  as  f: WkBk if 
Thus the ratio of the Simpson's 
k -- 
the current inversion scheme is to  apply where the K items in the sum re-  
present the K atmospheric levels. 
The weights to be used in the inversion program with the first approxi- 
mation a r e  those computed here. 
The final 5 cm-l  intensity is computed in statement 3600. 
From statement No. 3790 to 3950 a triangular slit function with 20 cm" 
half width is convolved with both the intensity and with the weights. 
mean weights a r e  then adjusted so that w e  still have f = @wkBk even 
though I and W a r e  now mean values. 
The new 
- 
The results a r e  called FCP015 and 
AVWAT. 
- 18- 
Uniaueness of Solution 
The problem of uniqueness was  examined in connection with the inver- 
sion of the equation of radiative transfer. 
the problem, a simple two layer atmosphere was considered. The ground 
temperature was  assumed to be identical to the lowest atmospheric layer. 
The model is best described by examining the following figure. 
In order to gain some insight into 
P =  0 
T G =  T1 
/-- 
-19- 
Solving the first Eqs. 1 3  for y2 and inserting the result in the secand, we 
-20- 
Rearrangin:> Eq. 14, we obtain Eq. 15 
I 
A y L q  I i l i  
1°C- 
i 
Let us now drop the subscript on y and define some new quantities. 
the left-hand function be called f(y) and the right-hand function be g(y), 
Let 
We would like to know how many points of intersection these two functions 
have. Recognizing that 
write Eqs, 16 as follows: 
d, = p/q where p and q are integers, w e  can 
A-f( .) 
where we have put F(y) = 
functions and the possibility of intersections such that f(y) = g(y). 
. We must establish the form of these 
The function, f(y), has an infinite slope at y = 0 , whereas the function 
g(y) has a n  infinite slope a t  y = C/D. It is clear that g(y) is the same kind 
of function as f(y), but displaced. Consider the first of Eqs. 17. From a 
purely mathetnatical point of view, the following possibilities exist (a 
diagram is drawn to show F(y) for each case): 
Y > O  
p even 
q even 
p odd 
q even 
R Y 
~~ 
p odd 
q odd 
Y I 
The lower branch is missing here because an odd root of a positive real 
number will include only one real root - the positive one. 
roots are complex. 
The remaining 
F ( Y )  p even 
q odd 
Y 
-22- 
31.) Y < O  
p even 
q even 
p odd 
q even 
all 3olutions will be complex for  this case. 
p odd 
q odd 
In general we see that some parts of the curves showg above will be formed 
depending on the values of p and q and whether y is positive or negative. 
A similar displaced set  of curves is expected for the function g(y). 
curves shown in Figure 16 demonstrate the situation (Relate points indicated 
to the functions expressed in Eqs. 16). 
it is clear y can never physically be negative. 
The 
Recalling that y = exp (-hcy/kT), 
-23- 
Thus, we can reject all such solutions. 
we see that g(y) is identical with y2 . 
T2 must be imaginary. 
occur in the upper right-hand quadrant of Figure 16. 
can only occur if f(y) intersect the y axis a t  y,C/D. 
Upon examining Eq. 13 and Eq. 16, 
Therefore, when g(y) is negative, 
Thus, physically realizable solutions can only 
More than one solution 
We have f(y) = A-By2 = 0. Therefore, the point of intersection is 
, and the condition that must be met in order for more than 1 /2 y = (A/B) 
one solution to exist is ( f ~ / B ) ' ' ~ 7  C/D. Inserting the above definitions 
2 where k = 2hc . Equation 18 provides us with a function of 3 which can 
is a monotonic function such that this in- be plotted. If [ 1 0 1  1% f i  y.'3 - g Y J  
equality can never be met, the solution to this 2-layer problem must be 
unique. Otherwise, a regime of non-uniqueness exists. This function has 
been computed for various values of temperature and for the 
tributions computed in the Radiance program. 
inequality of Eq. 18 will  not apply except occasionally in adjacent 5 cm-1 
spectral intervals. 
( 9 ) dis- 
The results indicate that the 
Thus, my conclusion is that in practice the solution to 
this problem is unique. It remains to be shown whether or not a similar 
analysis can be applied to an n-layer atmosphere. 
- 24- 
Effect of Cloud Cover on Temperature Sounding 
An investigation into the effects of partial cloud cover on the temperature 
sounding experiment has begun. 
compute the expected spectral distribution of radiance from a sky with 20% 
The Radiance program has been used to  
40% , 60% , and 80 % cloud cover at the 800 mb, 500 mb, and 200 mb 
pressur e levels respectively. This investigation is not yet complete. It 
remains to take these spectral radiance distributions and use them as input 
in the Inversion program in order to establish the effect of clouds on the 
temperature profile as inferred under the assumption of clear skies. We 
can say  that the effect of clouds a t  800 mb is very small indeed, and that 
the effect of 20% cloud cover at 500 mb o r  200 mb makes a maximum radiance 
e r ro r  of 10 70 at  the lowest frequency used in the temperature sounding. At 
all the other frequencies the effect is even less. The curves of spectral 
radiance a r e  given in Figures 17, 18, and 19. 
-25- 
Meetings Attended 
1. Specialist Conference on Molecular Radiation in Huntsville, Alabama 
(October 1967). A brief talk on the JPL experiment was given, 
I 
2. Optical Society Meeting at  Detroit, Mich. (October 1967). Due to 
a communications problem, I was not informed in time of the can- 
cellation of an experimenters meeting. 
relevant sessions of the Optical Society Meeting. 
However , I attended all 
3. A meeting was  arranged between D. Wark, H. Fleming, M. Chahine 
and J. Shaw at  ESSA in Suitland, Maryland (December 1967). The 
theoretical treatment of the inversion problem developed at the 
Weather Bureau was  discussed. 
4. The Third Interdisciplinary Workshop on Inversion of Radiometric 
Measurement at  Tallahassee, Florida (February 1968). I presented 
a 30 minute talk on the 4. 3p temperature sounding experiment. 
-26- 
Bibliography 
1. Gates, D. M. , Calfee, R. F. , Hansen, D. W. , Benedict, W. S. , 
''Line Parameters and Computed Spectra for W a t e r  Vapor 
Bands at 2 . 7 ~ ~  NBS Monograph 71, August 1964. 
2. Benedict, W. S. and Calfee, R. F. , Unpublished data received by 
private communication, 1967. 
3. McClatchey, R. A. , "Infrared Heat Transfer by Atmospheric 
W a t e r  Vapor", J. Applied Meteorology, Vol. 3, No. 5, 
October 1964. 
4. Handbook of Geophysics and Space Environments, Prepared by AFCRL, 
Ed. Shea L. Valley, McGraw-Hill, 1965. 
5. Burch, D. E. , Gryvnnk, D., Singleton, E. B., France, w. L., 
Williams, D. , "Infrared Absorption by Carbon Dioxide, 
W a t e r  Vapor, and Minor Atmospheric Constituents" , AFCRL- 
62-698, July 1962. 
6. Gray, L. D. , and McClatchey, R. A. , Calculations of Atmospheric 
Radiation from 4.2 , Applied Optics 4, Dec. 1965, /" toy.+ 
p. 1624. 
-27- 
APPENDIX 
A. Radiance Program Variables 
ACO 
AC02 
AINT 
ALCO 
ALG02 
ALN20 
AN2 
AN20 
ASIMP (K) 
ATRAP 
AVWAT 
B; t By (see reference No. 1) 
Absorption coefficient due to N2 in the It' 
spectral interval 
CO abundance in (cm-atm)sTp in a vertical 
c ol umn 
C 0 2  abundance in (cm-atm)STp in a vertical 
column 
The same as FCP015 
Half-width at 1 atm. of CO in cm" 
Half-width at 1 atm. of CO2 in cm" 
Half-width at 1 atm. of N20 in cm'l 
Fraction by volume of N2 in the atmosphere 
in a vertical STP N20 abundance in (cm-atm) 
column 
The value of B d c  based on Simpson's rule 
The value of 
J 
S- B d r  based on trapezoidal rule 
A weighting function defined to give the correct 
13 after convolution with the triangular slit function 
Btl (see reference No, 1) 
i B' - i 
The frequency (in wavenumbers) of the bandhead of 
the Ith vibrational transition 
-28- 
BDP (I) The rotational constant of the lower state 
(see reference No. 1 )  
BIGA (I) Defined in program 
BIGD (I) The line spacing of the rotational lines 
belonging to the Ith vibrational tra.nsition 
BLAK (JFNU,  K) The black body function corresponding to the  
Kth atmospheric level and the J F N U  frequency 
BOTNU The lowest frequency of a major frequency interval 
-2  (DY + D!) (see reference No. 1) 
1 
c (1) 
cos 9 A number which can take the finite solid angle 
of view into account. Usually this will  be = 1.0. 
-(Di - D!') (see reference No. 2) 
1 
D (1) 
DDP (I) The centrifugal stretching constant of the lower 
state. (see reference No. 1) 
DELSM Defined in program 
DELTNU The frequency sub-internal to be used within the 
major frequency interval, (This should be 5 cm'l 
unless program is reorganized). 
DFLUX The intensity emitted by a particular layer of the 
atmosphere a t  a given frequency 
DIF 
DIFR 
DPNU (I) 
DPNUR (I) 
An increment on the transmission axis. If A ?7 TDIF ,  
a logarithmic pressure interpolation is performed before 
doing the JBdC integration. If a T DIF, a 
simple linear interpolation is made. 
Defined in program 
The total energy (in wavenumbers) of the lower state 
The rotational energy (in wavenumbers) of the lower 
state for the Ith vibrational transition 
-29-  
DPNUV (I) 
DPQU i1) 
DTOP (K) 
DTDPB (K) 
F N U  
FCPOl5 
GBLAK 
JH20 
IINT 
INU 
ITOT 
I T P  
J F N U  
JTOT 
KNU 
LEVL 
N D P  
?he vibrational energy (in wavenumbers) of the 
lower energy state 
Energy level identification f o r  lower state 
I 
The 
la ye 
value of d e  / d  loglo p for  the atmospheric 
r between K and K t 1 
d r  
The value of ( 
layer’between K and K t 1 
/d loglo p) B for  the-at-mospheric 
Frequency (in wavenumbers) 
The intensity after being convolved by a triangular 
slit function 
Black body function corresponding to the ground 
temperature 
Number of water vapor lines read into the program 
A runcing index which counts the number of major 
intervals (A major frequency interval includes 
several 5 cm-1 intervals) 
Number of 5 cm-l  spectral intervals over which the 
program is valid 
Total number of vibrational transitions of C02, N 2 0  
and CO considered in the program 
The number of levels into which the atmosphere is 
divided for all numerical computations 
A frequency index which corresponds to a specific 
frequency between 2150 and 2375 cm’l 
Number of vibrational energy levels involved in all 
molecular transitions of C02, NzO, CO 
Defined in program 
The number of divisions to be made within 4 
Index associated with the lower state of a vibrational 
trans it i on 
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NDUMMY (J) A dummy variable which numbers the energy level data 
NNT 
N P  
The total number of vibrational frequencies considered 
in a given 5 cm-1 spectral interval 
Index associated with the upper state of a vibrational 
trans ition 
The J vibrational transitions valid in the Ith 5 cm-1 
spectral interval 
NTOT (I) The total number of vibrational transitions in the Ith 
5 cm-1 interval 
NTYPE (I) Determines whether the transition is  for a normal 
isotor+ o r  for one of several l ess  abundant isotopes 
NUMINT The number of major frequency intervals for  which 
calculations a r e  to be made. 
interval includes several 5 cm' 
(A major frequency 
intervals') 
NZP 
p (1) 
PA 
PNUV (I) 
P P N U  (J) 
P P N U V  (I) 
PQU (I) 
QU (J) 
S 
SEC 
SM (1) 
Defined in program 
The pressure at the Ith atmospheric level in atmospheres 
Average pressure in a particular atmospheric layer 
The frequency of the iower state (in wavenumbers) 
The energy levels expressed in wavenumbers 
The frequency of the lower state (in wavenumbers) 
Energy level identification for upper state 
En er  g y lev el identif ic zti on 
Line intensity 
The secant of the zenith angle 
Rotational quantum number a t  frequency, FNU,  due 
to  the Ith vibrational transition 
SMO 
TG 
TOPNU 
TRANS (K) 
TRANJ(K, I) 
TRN2 
TS 
ZERONU (I) 
ZK (I) 
An initial estimate of the rotational quantum number 
(mo) based OP A(1) and B(1) c nly 
The temperature a t  the Ith atmospheric le\,el in OK 
I 
The total intensity em:tted by the atmosphere a t  a 
given frequency 
The ground temperature in “K 
The highest frequency of a major frequency interval 
The transmission from the Kth pressure level to  
the level of measurement 
The transmissjon between the KLh atmospheric level. 
and the level of measurement due t o  the Ith vibrational 
transition 
The transmission due to N2 
The mean temperature of a particular atmospheric 
layer 
A weighting function defined such that Z T W  x B = 13 
The total amount above of H2O the Ith atmospheric 
level expressed in precipitable centimeters 
The central frequency for the Ith vibrational transition 
The relative strength of the various vibrational 
transitions 
Defined in prograin 
All other names of variables appearing in the Radiance Program a r e  de- 
fined there and a r e  assumed to be sufficiently well identified s o  as to require 
no further explana.ti,on. 
TISR 
WATER 
SUBROUTINES 
Computes transmission according to random 
Elsasse. model. A mathel, --tical discussion 
is given ii Reference 1. 
Computes transmission due to water vapor by 
means of the random model. 
half-widths, and intensities are taken from the 
work of Benedict and Calfee (Reference 3) 
Line positions, 
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C.  Water Vapor Program Listihg 
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